373-378. I9@.-Isolated frog muscles were equilibrated in solutions of varying pH and were then analyzed for potassium, sodium and sometimes chloride, phosphate, or bicarbonate. It was found that acid applied outside the muscle causes in most cases an increased loss of K. Over the physiological pH range this was also true of Na in experiments in which the complication of the extracellular space was minimized by replacing 90% of the NaCl of the solution by sucrose. In the other experiments the variations were such that it was impossible to establish any regular effect of pH on the movements of sodium. Except at a pH below 2 or above I 2 the Na did not appear to exchange with K in response to injury. It is suggested that the Na pump in muscle works better when the Na is being moved into a more acid solution. It is concluded that muscle neutralizes external acid in part by loss of K, sometimes by loss of Na, and to some extent by gain of chloride. There was a slightly increased loss of phosphate and bicarbonate from muscle in the more acid solutions but no evidence of an increase in the extracellular fluid as measured by inulin.
I T WAS SHOWN
by Fenn and Cobb (I) in 1934 that frog skeletal muscles lost increasing amounts of potassium as the pH of the surrounding solution decreased. This could be regarded as a depolarization of the muscle due to the acidity, which resulted in a loss of K; or as an exchange of K for a hydrogen ion. This is the behavior which would be expected if the K were retained inside the muscle by a Donnan membrane equilibrium, with a membrane which was functionally at least impermeable to sodium. Further evidence for such an equilibrium was presented later by Boyle and Conway (2).
The present experiments were undertaken to find out whether there actually was in these experiments any exchange of sodium as a result of the pH changes. The answer to this simple question has proved to be remarkably elusive and has required at least 2 years for a reasonably definitive result. The work has involved the efforts of four different assistants engaged on the problem at different times since 1953 and 120 different experiments. The general result has been that lowering the pH from 7.3 to 6.3 causes a loss of potassium; the change of sodium in the same muscles is quite variable and usually not significantly different from zero although in the most reliable experiments there is a consistent but small loss. This might be interpreted as meaning that the sodium pump in muscles operates more effectively when the outside solution is more acid.
METHODS
While the technique has varied somewhat in detail during this work the general plan may be described as follows. Some of the smaller muscles were removed from Rana @ens including the sartorius, semitendinosus, ileofibularis, peroneus and tibialis. Larger muscles like the gastrocnemius were used in a few experiments. Sometimes single pairs of mu.scles were used for each experiment but usually s-10 pairs from one or two frogs. Great care was taken in the dissection to treat both muscles of a pair alike and the pair was discarded if any inequalities were observed. The initial weight was taken on a torsion balance immediately after dissection. For this purpose the muscle was dipped in Ringer's solution and blotted gently on filter paper. Weights were taken again after the period of immersion by the same method. The two muscles of a pair were placed in two Iso-ml (later so-ml) Erlenmeyer flasks containing 25 ml (later IO ml) of solution at two different pH values. The more acid solution was obtained by varying the phosphate buffer employed or by adding a small amount of HNOS to the Ringers-phosphate solution or by equilibration with IO %, 20% or 30% CO2 in oxygen. When CO2 was used, the control solution was bubbled with pure oxygen. The phosphate-buffered solutions were similarly oxygenated and stoppered. The flasks were then placed on a tilted turntable rotating about IO times a minute or they were immersed in a water bath on a shaking machine which provided mild agitation of the solution. The temperature was sometimes 4OC but usually IQ-22OC. The composition of the Ringer's solution was 0.11 M NaCl, .0013 M KCL, .OOI M CaCl2 (plus later .oq M MgClJ and contained phosphate buffers at pH 7.3 which were 0.0067 M as to phosphate. After 3-5 hours in these solutions the muscles were removed, blotted, weighed and ashed either dry at 5oo°C in platinum crucibles or wet in concentrated HN03. After ashing, the material was washed into a volumetric flask and diluted appropriately for determination of Na and K on a Coleman flame photometer. In some experiments some of the muscles were used for chloride analyses by a modification of the method of Van Slyke (3) or of Shales and Shales (4) . The Na and K contents were calculater per kilogram of initial weight. The changes in weight were never very large nor did they appear to be consistent in different experiments.
RESULTS
The results are collected together in tables I, 2 and 3 in I 5 different series from A to 0 inclusive, in approximately chronological order. Table I contains four series of early experiments in which HNOS was added to the Ringers solution to a final concentration of 0.005 N. At the resulting pH (about 5.4) the muscles were usually inexcitable after the period of immersion. In series A, B and C the muscles were immersed in a small volume of solution which was titrated with NaOH to a phenolphthalein end point or to a pH of 7.4 using a glass electrode as an end point instrument. The change in titratable acidity was determined for each muscle or group of muscles and the difference between the acid and alkaline muscles was calculated. The averages of these values are included in the table. In series A, B and D chloride contents were also obtained. Average values for each series are included in the table, each figure being the average difference between the acid and alkaline muscles. The minus sign means that the more acid muscles contained less of the ion than the alkaline muscles at the end of the period of immersion. In general both muscles of a pair lost K and gained Na and Cl. The figures in the tables tell only which muscle gained or lost more.
During immersion the acid solutions became less acid and the more alkaline solutions became more acid. The sum of these two changes is then the net increase in titratable acidity of the acid muscle relative to the alkaline muscle. In series A this amounts to 10.2 mEq/kg.
MUSCLE ELECTROLYTES IN ACID AND ALKALINE SOLUTIONS 375
From the Na, K and Cl changes a value of 3.3 K + 3.0 Na + 7.3 Cl or 13.6 mEq/kg would be expected. In series B there is no such agreement between the values for the individual ions and the net change. There are of course many other changes which may have occurred to explain the discrepancy. In general the Na changes are not significantly greater than the standard error but the other differences are significant with a few exceptions. Thus the acid muscles lost K and gained Cl in neutralizing the Ringer's solution but in these experiments the Na did not appear to participate in the process to a significant degree.
In series E and F, summarized in table 2, the usual Ringer's phosphate solution was acidified by bubbling it with 20% or 30% COT while the control solution was bubbled with 100% Oz. As in the experiments of table I, the muscles were found to be inexcitable after this treatment and accordingly in series G the concentration of the CO2 was reduced to IO%. Under these conditions the muscles always remained electrically excitable although they did not contract as well as the control muscles. In all three of these series the muscles acidified with CO2 lost significantly greater amounts of K than did the control. With 20% COZ, where the muscles were perhaps 'injured,' there was a gain in Na content (significant at the 18% confidence level) and in series E and G a significant gain in Cl in the acid muscle relative to its control. In series G, Na appeared to move out of the acid muscle although the change was not statistically significant.
Along with the G series another group of experiments was tried in which the muscles were similarly exposed to 0% and IO% CO:! but after the experiment both muscles were taken out and put into separate respirometers (differential volumeters) in I ml of unbuffered Ringer's solution. Both respirometers were then flushed out with 3% CO2 and left until equilibrium was established as indicated by the movements of the index drop. Sulfuric acid was then dumped on the muscles from a side arm of the respirometer and the CO2 evolved was measured by the excursion of the index drop. In nine such experiments the mean bicarbonate contents were 9.58 =t 3.3 and 7.47 ~fi 2.5 mEq/kg for the 02 and COP muscles, respectively. In eight of the nine experi- Muscles were exposed for 16 hr. at 4T in E and for 4-5 hr. at 16-19°C in F and G. For each analysis 5-6 small muscles were used, the combined weight being about I .5 gm in E and F and .75 gm in G. Some gastrocnemius muscles were included in E and F. We are indebted to Mrs. Anne Cegelski for series F to 0 inclusive. ments the acid muscle showed a smaller alkaline reserve, the mean difference being 2.1 I =t 0.94 mEq/kg (P = 0.055). Since this difference is not enough to account for the loss of K + Na and the gain of Cl which together predict an increase in titratable acidity of 7.6 mEq/kg, it must be concluded that other ions must have changed simultaneously. Possibly some of the K or Na came out as lactate or phosphate, only a fraction of it being exchanged for hydrogen ions.
In three experiments we tried to measure the bicarbonate of these muscles by putting them dry into the respirometer prior to equilibration with 3% CO2 and release of CO:! from bicarbonate by acid. In confirmation of our earlier experience in this laboratory (cf. 5) we found much smaller values of 2.16 and 2.96 mEq bicarbonate/kg for the 02 and CO2 muscles, respectively, and the results were much more erratic. Evidently the interior of the muscles contains very little bicarbonate on account of the low pH and it is only when the base is permitted to diffuse out into the unbuffered Ringer's solution (or isotonic sucrose in 2 experiments) that it can combine with COZ.
Experiments of series H through 0 are summarized in table 3 In series ZY none of the differences are significant but in series 1 there was a significant average loss of K, from the acid muscle. In the next two series (J and K) the pH was varied from about 8 to 7 instead of 7.3 to 6.3. There was a greater loss of Na at pH 6.3 in both cases of nearly significant amount CO2 was used with the usual phosphate mixture to give a pH of 6.3 instead of 7.35. Plus (+) and minus (-) signs refer to content of the more acid muscle as more (+) or less (-) than the more alkaline muscle.
but the K changes were a gain in J and a loss in K, neither of which was significantly large. It appears that the Na pump finds difficulty in eliminating Na into an alkaline solution so that the Na content tends to be greater in the more alkaline muscle. It is possible also that at an excessive alkalinity the muscle is damaged and tends to lose K and gain Na. This presumably accounts for the small difference in K content.
All of the experiments described so far are very erratic and rather discouraging for reasons which we are unable to describe. In the last four series, however, we tried replacing 90% of the Na of the Ringer's solution by an osmotic equivalent of sucrose, the purpose being to reduce the amount of NaCl in the extracellular space so that most of the Na and Cl content of the muscles could be safely ascribed to the cell contents. It was then found in series L that there was a regular and significant loss of both K and Na from the acid muscle between pH values of 7.3 and 6.3. A similar result is found in series 0 where a comparison was again made between pure 02 and IO% CO:! in 02. In a more alkaline (series M) or a more acid (series N) pH range, the changes of K and Na are both small. On account of the somewhat simplified conditions of these sucrose experiments we are inclined to regard them as particularly significant, especially so far as movements of Na are concerned. They indicate that both Na and K participate in the neutralization of external acid by the cells.
Having somewhat greater confidence in the experiments with sucrose-Ringer's solution we extended these experiments to cover a much wider pH range, thus permitting the preparation of the curves in figure I. These curves show the changes in K and Na content caused by changes in pH. The differences were all measured relative to the control content of the matched muscles at pH 7. Here it is evident that over a wide pH range the muscles lose small amounts of K as the pH decreases. This is not due simply to a real injury to the muscle for this becomes evident only at pH below z and above 12 where there is a sudden large loss of K and a corresponding gain of Na. The sodium changes are relatively small between pH 3 and II but if anything there is a slight decrease as the pH falls. Points without bars through them represent single experiments while points with bars indicate the standard error of a series. The latter are given more weight in the drawing of the curves. There is some suggestion in our data that the pH range of no injury is much narrower when normal instead of sucrose-Ringer's solution is used.
Inulin Space. If there were any consistent change in extracellular space resulting from pH changes this would be reflected in a loss of K and a gain of Na. In series R, B, E and G the chloride values indicate some increase in chloride content with acidity and no significant change in series D. This, however, might be intracellular chloride. To check this point, seven experiments were carried out in which the Ringer's solution (without sucrose) con- (6) . Eight small muscles weighing in all I .o-I .5 gm were immersed in IO cc of solution. Paired muscles were compared at pH of 6.9 and 5.9. After 3 hours the muscles were analyzed for inulin by the method of Ross and Mokotoff (7) . Determination of the inulinoid content of the muscle was dispensed with except in the first experiment since only differences were of importance.
Results were calculated in terms of the volume of the extracellular fluid in percentage of the original weight of the muscle. In the first experiment the extracellular space was 20.9% and 20.3 % at pH 6.9 and 5.9, respectively. Averaging all the experiments, there was an insignificant increase at the lower pH of 0.6 rt 1.1%.
In spite of a possible increase in chloride content, therefore, there was no indication of an increase in extracellular space in the more acid solutions.
Phosphate.
In nine experiments measurements were made of the phosphate content of the solution (by the method of Fiske and Subbarow, 8) before and after the incubation of muscles at pH 6.9 and 5.5-5.9. In this case, sucrose-Ringer's solution was used and about IO muscles weighing in all 1-1.5 gm were immersed in IO cc of solution. During the immersion period of 3 hours the phosphate content of the solution increased [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] % above the original value due to diffusion from the muscles. On the average, the muscles in the acid solution lost 0.79 zt o. 2 I mM/kg more phosphate than the controls at pH 6.9. This is at best a small amount and it is probably counterbalanced by a still greater gain of chloride. In the same acid muscles the losses of K and Na were, respectively, 0.54 =t 0.92 and 1.23 zt 0.83 more than in the control at pH 6.9. Somewhat more consistent was the loss of Na + K which was 1.78 & 0.93. Very frequently it is found that the acid muscles lose either Na or K but not both.
DISCUSSION
Obviously the results of these experiments are too variable to be entirely satisfying but further work by the same technique does not promise much improvement.
The main fault in the technique probably lies in the necessity FIG. I. Losses or gains of K and Na of muscle relative to the control muscle at pH of 7.0. Plus signs indicate that the experimental muscle contained more K or Na than its mate at pH 7 after 3 hr. incubation. The solutions were Ringer's solution in which 90% of the NaCl was replaced by isotonic sucrose solution. Bars through the experimental points indicate standard errors of a series of experiments and these points are given more weight in the drawing of the curves.
for assuming that two matched muscles from the same frog have identical K and Na contents when first dissected. The differences which do exist are frequently large enough to obscure the experimental changes which are produced.
Since the experiments were completed, however, another report from this laboratory (Rogers, 9) has provided confirmatory results using rat diaphragms.
In these experiments it was shown that increased acidity caused losses of both K and Na. Similar results were reported over a limited pH range by Shaw and Simon (IO). Our own experiments show at least that in acid solutions K is not lost in exchange for Na. Such an exchange would in fact be surprising since it would accomplish no neutralization of external acid. It appears to us that the response of the muscle to a low pH outside depends upon the condition of the muscle and it may be a loss of K, a loss of Na, or a gain of chloride. A variety of other transfers or metabolic reactions may also occur which would serve to make the muscle more acid and the solution less acid. All of these possibilities serve only to confuse the simple result predicted from the Donnan membrane equilibrium.
The electrolyte equilibrium in muscle is certainly not a simple Donnan It nevertheless seems to us that such an equilibrium does exist and usually dominates the responses of the muscle to acute changes of external pH. The movements of Na to be sure do not fit perfectly into this concept which requires a functional impermeability to Na, but should be interpreted as indicating that the Na pump in muscle works better when the external solution is more acid. The only objection to this assumption is the fact that in frog skin the reverse appears to be true ( > II . Finally it should be mentioned that our results with isolated muscles in the physiological pH range find confirmation in experiments with injection of HCl into intact dogs and cats. Both Swan and Pitts (12) and, in our laboratory, Tobin (13) have found an increase of both K and Na in the plasma after injection of HCl. 
